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Reporting Period
This report covers 2003 April 1 to 2004 March 31, which corresponds to the second year of

this project.

Personnel

No individuals received any salary support from this grant. Two persons participated in
research activities related to the project. In addition to the P.I., an undergraduate student from
the University of Maryland, Jeremy Miller, applied for a position as an REU student (Research
Experiences for Undergraduates) at the Institute for Astronomy during the summer of 2003.
Analysis of the adaptive optics data acquired for this project had been proposed as a potential
project to the various REU applicants who had expressed interest in planetary science. Having
done some dynamical work in a class taught by Doug Hamilton at Maryland, Jeremy Miller was
intrigued by the project, and so he accepted the offer of an REU position.

Data Analysis
Prior to the summer of 2003, only a subset of the images acquired on eight different nights

had been examined. Jeremy Miller learned how to process infrared array detector images,
dealing with the matter of bad pixels, and reduced all 384 images that had been obtained. Next,
he determined the image scale and position angle of J2000 north by measuring the motion of an
asteroid relative to a reference field star. The direction and speed of a numbered asteroid is
extremely well-known from its orbit, providing a much better calibration than double stars of
known separation and position angle. The results of the calibration work are shown in Table 2 of
the attached document, which is a copy of Jeremy’s poster presentation at the 2003 DPS meeting
in Monterey. The calibration was repeated for each observing run, because we could not expect
the instrument to be mounted on the telescope at precisely the same position angle each time.
The image scales are more consistent, as expected, but show some evidence for variability that is
almost certainly due to thermal effects on the telescope focal length. To minimize the amount of
telescope time that was spent on calibration observations, asteroids moving fast enough to cross
the 20 arcsec field of view of the detector in less than a half hour were chosen. As a result, the
motion is fast enough to leave noticeable trails during the exposure. To derive accurate centroids
for those trails, Jeremy used the same software that had been developed for doing astrometry of
near-Earth asteroids. One limitation that we encountered is that the start times of the exposures
were recorded in the image headers to a precision of only 1 second (truncated, not rounded). The
motion of the asteroid in 1 second exceeds the accuracy with which we can determine the
location of the centroid. For now, we are treating the precision of the times as a source of noise
in the centroids, one that we hope averages out over the many images obtained during the
calibration sequence.

With the calibration in hand, the next step was to perform the relative astrometry on the
images of Pluto and Charon. Jeremy experienced first-hand the known problem that adaptive
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double Gaus51an to fit the i 1mages of Pluto and Charon Both Gaussians have the same centr01d
but different peak values and widths. One Gaussian would attempt to reproduce the narrow core
while the second Gaussian would attempt to reproduce the extended wings of the image. The
increase in the number of free parameters slowed down the computations, but did improve the
results.

It should be noted that at no time did we achieve diffraction-limited imaging, despite the
expectation that we could prior to the observing runs. Had we obtained diffraction-limited
images (0.05 arcsec in the infrared H band when observed with an 8-m telescope), then the disk
of Pluto (0.11 arcsec in diameter) could have been resolved. A major source of uncertainty in
the earlier determinations of the orbital eccentricity for Charon is due to the poorly known offset
between the location of the center of light and the location of the center of the disk, which we
assume coincides with the center of mass. Resolving the disk would allow the center of disk
(and presumably mass) to be determined independently of the center of light. Unfortunately, our
best images achieved only about 0.09 arcsec FWHM, presumably because Pluto simply isn’t
bright enough to allow the adaptive optics system to achieve full correction, even on an 8-m
telescope, so we still have the same problem of not knowing where our center of light
measurements fall on the disk of Pluto. The known contrast on the surface of Pluto makes this a
significant issue, but the more uniform surface of Charon helps, which is fortunate, because the
disk of Charon cannot be resolved from the ground with current technology.

The orbit fitted to the observations looks consistent with earlier work to first order. The
position angle calibration primarily affects the fitted orbital inclination, and we are pleased to see
results that are consistent, to within the stated uncertainties, with earlier work. The
determination of the ascending node depends on the ratio of the minor and major axes of the
projected ellipse of Charon’s orbit, as well as Pluto’s location in the sky, and is therefore
relatively immune to calibration effects. Again, our results are quite consistent with earlier
work. The semimajor axis of Charon’s orbit is uncomfortably on the small side, which could be
an artifact of our scale calibration. Note that the absolute diameters of Pluto and Charon, as
determined from the mutual events observed between 1985 and 1990, scale with the semimajor
axis. A smaller orbit therefore implies smaller sizes for Pluto and Charon, but the 1980 stellar
occultation data place a lower limit on the size of Charon, and the new semimajor axis makes a
tight fit even more uncomfortably tighter.

Numerically, the resulting eccentricity appears compatible with earlier work. However, the
longitude of periapsis is nearly orthogonal to the previous result. We considered the possibility
that the orbit of Charon could be precessing at a rate sufficient to move periapsis by 96 degrees
in one decade; however, calculations by Jeremy with assistance from Doug Hamilton during the
following academic year appear to have ruled out this possibility.

The residuals shown in Fig. 3 of the attached document are not randomly distributed,
however. Clearly there is still a small source of systematic error that we have not yet identified
and removed from the measured centroids, therefore any conclusions about the orbit of Charon
are still premature at this time.

Remaining Tasks
Our top priority is to reexamine the double Gaussian centroiding procedure to see if the

source of the systematic error is there. We do know that on some of the images, the solutions
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were unstable. The original intent was to perform this reexamination during the fall of 2003.

last year. Academic matters took priority, and the remainder of the academic year was needed to
remove the backlog that accumulated during the bereavement period. The summer of 2004 and
the current academic year have gone to removing the backlog of observational work for NASA’s
NEOO program.

In addition to the adaptive optics observations acquired by this project, there are newly
published observations from Hubble Space Telescope obtained with the Fine Guidance Sensor
(Olkin et al.), which were used to reexamine the matter of the Charon/Pluto mass ratio. We
would like to incorporate those data into our orbit solutions. Even more HST observations of the
Pluto-Charon system were acquired by Buie using the Advanced Camera for Surveys for
purposes of mapping the surface albedo distribution. He is nearly ready to release the
astrometric data for inclusion in our orbit solutions.

So although the fall 2003 hiatus in progress was both unanticipated and unfortunate, it has
delayed work long enough to permit the inclusion of these other new sources of data, if the
Planetary Astronomy program would grant a no-cost extension to this project.

Schedule

If a no-cost extension is allowed, we expect the remaining tasks to be addressed during the
first half of 2005. Because of prior commitments to the Hayabusa (née MUSES-C) mission,
there would be substantial motivation for the P.1. to complete the work prior to a planned
sabbatical, the first portion of which would be spent in Japan during the encounter phase with the
near-Earth asteroid Itokawa, and the remainder of which would be spent working on the analysis
of the Hayabusa imaging data.




"W i o Jumsealonrp o 233 SEDRAROS peenin00

Topdo w mpgll opegge ofwg Koms v !lnll.._lt.lc..:, '

T PN NS RO Pt aang g W deyons cp omp
ln.iagﬂ.!!l!’lj;tl.lﬂ. i

03 799 20w Surweem saeq soq S FR g0 29 B V. T e " W 3wy wpdeop TPron poed
192 3y ey mow gL ’lﬁl’}l!-llll'lh}llliasflll
-~ P PO Asopmmcun p seys. sopvegon Aarndes 146 1L who e P e oo 2y,
29 200pat & Ava » ll:...i.ull..!il.i! s o oiey sumy "0 yony s s oy

" o preco - v 29 4 soscis wy i seoparor sy owt

vt sy paseu> A PP wmads W) S 9 J0 Woresooud ‘puses. “genmin av

oy J’zi_a

'i’!iiai‘.d‘# i

: RV Cybwp o 10w o mapney o

—-ay hane '

10 puyusy wasuroq movamg selop 6 9g L. ll‘il‘lg!a‘i wommp eop
. ;gﬁ papom

i _x_d ury sy sydosgy jl.ﬁ!r-zl*

2% Jo wogeiadod sup puw s Sasg)-vmg G W ST wiey RO ETRRSEC) 6361 KERS Y-S PR TENAOKIOT d s
'BLY PE 205 Waury wey Jpeg WAy wod-owq p Jo Suidvan sondo andepy ‘7007 ‘T w0y,

‘092-$92 *STU Fr4DO] “BOPRYD JONGI0 MY “L66] ‘£ TAONL

"S06-206 ST} sy ooy Q0 3, w0y jo At amad 2 Repidoy ‘GOOT S0NMATY LIl PWR TIOG M V'S WS
ouasnpy

TR jo Lirssagun 2 o)
§<z_l.o<m<z]g.gsggg-:!giﬂ:mz?ijl-s._..l.:!ia.:

AnaIpAmom Y
e
B . Jl'll-ll.l-! . P KRNI B J0 310 WR
oy Jug e =L W 10 ruogped pasoprp wg Surpmen Sgeiiopes £y powing i 29 Joow sl puy

Sowpmiy i.l!l..jn 5 may oux swopons lt.naa,rclulfliibitll;

li..l..ol_l;.]-ta i!!‘l’laﬂi!‘i‘nﬂ. Poweopced s sabemy
iy e 2 ]

..lllqll.,l-it.l.# -
lrl‘!l’l‘-sﬂf‘ti‘-

o i o

v i.!l:l!l..!

ge oy wosmny) Yo coiy ey siven

WOREIOF PRI S O My 200w sen WO WOG SIS
7P LESTEL 7P "o 79 W SRIRION VAN 08 LM WP L6 1L Wi ANSISION0 X £0006HYE WP verer 1o sep 2ag poemdnico s
Spenoy mepy iil-lli‘?l!!la’ldi:liir}!ilx—

RS M0 A
196, 200000°0 ¥ /£9600200 L0 F L2811 BOBIOUd £
o r—— i 19%d/, ¥O0000'0 ¥ £95¥00200 25000 % 0017 ehumey z
i do JeTrporo 1810y, ¥10000°0 ¥ 158000200 89000 F ¥E¥C | BURBWS 1
o5 obeu oBlvuowsod | owen padiey | g
N 3w b vy Pomo i) e e e e

lll!lﬂll'l‘itli!l—‘l
TS 3 ¥ FOSReT 4 J0 RONS0d 34 WOI) PRNSIINI 230 SAOGNEP MM S T R

J0 W) sy sasvnbs Jeay

b0 we S fa poermmp A sorws v 2y

IOLER 10 33wt € 108 % e 3320829 01 Jo Y 25w wonpsod ¥ poonponl

FRUP UL TRR0R SR 1S Yo o1 300 1 0 Tee0 Koon PR IS ondo
wpdepe 39 v pp 2P TR Y W0 W e PTYR oo 10 soee race
llllilvllgl-.ﬂlrt.lull!:illﬂt
9t wosrsod 2t o ) Jo Reatencm o Surym par SO PI0Se 3 10 weod x 1
& o wo 11y swamny samvubs-ywey v Swry

q I 324, OO JO SEGORP AL

WIGRD Al

(sewocyg “Wuwiey ‘sueWS] peee JonmgED
UNIBAS UIIEY-ONid J0 &!._.L s1ela0
— (muBu wBR] N - Lo o)
PORSW miryw ino o Buren uimals 1Uowe ot ¢ REGIOH]  URISAS OV
pesn seBw pLvqH AKG ou
Avuw spusiie) peeyamyy 101 X ¥201 Jojoemq

SUYD pasRi) OHIND wews))

_=az AHUIE) &oolﬂ

) BUNBY et iand]

(LY

..llllli'litl'i’"lll-ll.: (2.7

300¢ 105 Moo, Q.F.lm.!.lm!..ll!l‘.l! °G Wi da g

a]i.ﬂ!aﬂ‘&‘ljﬁ‘ﬁgi:lli
a-lo;!:nu uln.lilnll!lit.ll-i-.ﬁ

L S0 T

: PRI 30 290 U5 300uY &4 POV [N 3,000 ¥ Sosp
Wi 01 Wous o 20l 2w Fws wef g o » ey R.-Iill’ltﬁilla
I-._]I.lr...lllc,_.l!-ﬁ R L] o oo vl Sngalg fediive pracn ORI uon e el
Jiiuilllifll1lll§=igvi‘!b.&.._a.l,llolblalnlil

Rt/ L ¢ 9 3 pood m0ccust pcads Pl ey o g2 . ——py dopoy wv 2y
’ ol T fitl-l!cllnlll!ucli
?]iilliiiiu‘!x OFE (SoRmoEy] Jo mee) 2w £py 5
£q oodem wato0s v 5 =g - Sonel woggzr o1-1 9l o9 1 Wenes 20y cn percrideg
-illtl-llc:!-fluui.l« ilﬂlo._._il Iluaili..l{..}..:—

nopmpans; 1)

"PANDHII0 38 SUDHNIOS MIKLO BF 190UAKP o 1oy sTomueyiss ogmsod AR RFwa: 1SH o e
T €6 F L TCT 0 s5derd o apnyd .qi%ii-.ﬁgﬂ’ugig
18Hwp w0y D 10 N T "> Egiligaigﬁ
op rowen .
siﬁééi%##g_si.lsisiﬁ!ﬁukg!!
s aqL Eségasggguﬂra!gs 1 AUR 340U OF 2008 XN
paye lgirgﬂigigigftﬂaﬁzaﬂi
.ggtutiiali!uatggqai!.vig!u_Sn.nf.z
.._3..-8.35lﬁsiu!-ﬁssxgl_alwsgluﬁbguiebzgviﬁg
0000 Mndepe €IATIOH 0 QI PIONIGC TP WAR T L MOUAY es1) g P o, /iq perodar Kipiteoos g0
ﬁgvléggéﬁé!gg!ﬁi!%iwﬂgﬁﬁ
Pomyy

foid Sty SSnosIp oy wdpe: G-00-€ Woy g0 19quiB)dss €00z ‘Aepssupaps uo

. __ W/ sdunRiES Argjeuery 19410 Gy uoissaG buunp s0)s0d snyy Aq dojs asea)y

NPSITEMEY B)I § US[O) — IeMeH JO ANSISATU() — BS[OY], °[ PiAE(]
Np3'pum-urem @ elof[u — puellrey jo Asioamp) - - B[N 'V Kwassp
siofny

(NLy PeNSAVY) ANILNUNIT IenaIn S.OIRIN 10 TONSAND a1 Snmscraawy




